Abstract -Workers in most insect societies exhibit a division of labor known as age polyethism, so named because workers tend to perform different tasks at different times in their lives. The most common explanation for this phenomenon involves a weak causal link between a worker's age and its occupation. However, available estimates of age effects are generally confounded with other sources of variability. Further, there is considerable variation in the age at which each task is performed. Consequently, the role of age in division of labor remains unresolved. An alternative model, christened 'foraging-for-work', explains age polyethism without a causal link between age and occupation. The specific algorithm, however, is too restrictive to apply in many task situations, and it is inconsistent with existing data on how workers actually locate and select tasks in certain contexts. Therefore, it cannot serve as a general model for task location/selection or for age polyethism. The model's conceptual basis, however, that an age-neutral mechanism can generate age polyethism, is an important contribution that demands further study. The current dialogue over proximate mechanisms of age polyethism has helped to clarify the pattern of behavioral ontogeny in honey bees. A conservative interpretation of existing data is that behavioral ontogeny is characterized by a nest phase followed by a foraging phase. The timing of the transition between these phases is determined more by the environment and physiological processes than by age. Whether nest tasks also follow a necessary sequence is less certain and requires further study. &copy; Inra/DIB/AGIB/Elsevier, Paris
INTRODUCTION
The enormous success of the social insects (Wilson, 1985 (Wilson, , 1987 is generally attributed to one of their cardinal characteristics -division of labor. Female nestmates exhibit varying degrees of reproductive division of labor (Wilson, 1971;  * Correspondence and reprints Tel.: (1) 607 254 7417; fax: (1) 607 255 0939; e-mail: nwc4@cornell.edu Michener, 1974; Ross and Matthews, 1991 ). This division is most complete in species with distinct queen and worker castes, such as the ants, honey bees and termites. In those species, the queen lays most of the eggs, while the workers engage in a variety of tasks necessary for the growth and maintenance of the colony.
The distribution of workers among tasks is dynamic, changing in response to available resources and the colony's state, both of which are constantly in a state of flux.
The apparent coordination among the members of a colony's workforce is one of the most fascinating phenomena in the animal kingdom. It is also one of the most puzzling, especially in the more populous societies where one typically finds thousands or even millions of workers performing tasks in a highly efficient and organized manner (Wilson, 1971; Michener, 1974 ; Hölldobler and Wilson, 1990) despite the absence of a 'management caste' characteristic of most human enterprises.
Despite the lack of a hierarchically determined task structure, the distribution of workers among tasks is not random. A division of labor exists, reflecting a variety of factors, including worker size, physical caste and previous experience (Lenoir, 1987) . The most commonly observed pattern of division of labor is known as age polyethism (Wilson, 1971; Michener, 1974; Oster and Wilson, 1978; Hölldobler and Wilson, 1990) , so named because workers tend to perform different tasks at different times in their lives. Typically, a worker begins its adult life in a centrally located task zone, the brood area, where it performs tasks related to brood rearing.
As it ages, it moves to areas of the nest used for other purposes, and its behavioral repertoire changes accordingly. Eventually, it undertakes foraging activities outside the nest and, thereafter, does not generally engage in nest activities. Variability in individual patterns of age polyethism is a well-documented feature of this system of division of labor. A stylized representation of age polyethism in one species, the honey bee, Apis mellifera, is presented in figure 1 (after Seeley, 1982 (Free, 1965; Winston, 1987; Page and Robinson, 1991; Robinson, 1992 Dönhoff (1855a, b) requeened a colony of black bees with a yellow queen and noted that the yellow offspring did not forage until 17 d after they first emerged as adults, thereby suggesting an age-based division of labor between nest tasks and foraging tasks. Gerstung proposed a rigid age-based model of task organization, but the early experimental approaches of Rösch (1925 Rösch ( , 1927 failed to corroborate that model. Rösch observed both nest and foraging activities and noted considerable variation in the ages at which workers engaged in each task. Subsequent work with colonies in which the age distribution was restricted to either all old or all young bees demonstrated that bees of nearly any age could perform most tasks (Nelson, 1927; Himmer, 1930; Rösch, 1930) . Nolan (1924) observed that age might be involved in task selection, but noted that: "...it has not been established that every worker bee passes through each step of the life cycle of duties without omitting any". Lindauer (1952) observed that most bees (136 out of 159) actually skipped guard duty. Free (1965) suggested that this later finding could be a result of the particular environment in which the data were collected: a dearth of nectar might produce a somewhat higher rate of guarding. Ribbands (1952) observed that there was "...considerable variation in which different bees, emerging on the same day and living in the same colony, commenced foraging; this age ranged from 9 to 35 d. This variation was produced not only by altering the duration of the various hive duties, but also by omitting some of these duties". Ribbands emphasized the relationship between worker behavior and colony need: "The duties of any individual are considered to be the resultant of the requirements of the colony and the age of the individual; it is held that the requirements of the colony, which are determined by its food supply, play the predominant role". Ribbands (1952) concluded that:
"Age is a factor, but not the controlling factor, in the allocation of worker duties".
Lindauer (1953) (Wilson, 1971 ). Oster and Wilson (1978) describe two paths by which behavioral ontogeny can proceed in a system based on age castes. First, the age-based response function for each task could change independently of that for each of the other tasks. This would produce a 'continuous caste system' in which workers shift their attention from one task to another as they age ( figure 2A) . Second, the age-based response functions for some tasks may be concordant with each other, but discordant with those for other tasks or groups of tasks. This produces a system with a series of task groups (figure 2B). Workers gradually shift their attention from one task group to the next as they progress through a series of age-castes. Oster and Wilson (1978) also suggested that each task group should include tasks that can be performed in proximity to one another, thereby enhancing ergonomic efficiency. They referred to this system as a 'discrete caste system'. Wilson's (1976 Wilson's ( , 1985 hypothesis of 'adaptive demography' consummated the marriage of age polyethism to optimization theory, proposing that a colony's caste demography (i.e. the proportions of physical-and/or age-castes) was actually optimized for each stage of its development through colony-level selection.
Seeley (1982) applied the theoretical (Oster and Wilson, 1978) and empirical (Wilson, 1976) (Seeley, 1982 ). Seeley's concept of division of labor was one of behavioral flexibility expressed within a series of discretized (sensu Oster and Wilson, 1978) age-castes (Seeley, pers. comm.) .
Age polyethism has been supported to a lesser degree by several other studies. Winston and Punnett (1982) Kolmes (1985a Kolmes ( , b, 1986 ) was unable to corroborate Seeley's system of three within-nest age-castes. Seeley and Kolmes (1991) traced the discrepancy in their findings to a difference in the way that they marked bees. Based on collaborative data, they agreed that workers went through one, and perhaps two, statistically significant transitions within the nest prior to becoming foragers. Robinson (1987a) presented data supporting within-nest transitions, but not the degree of discretization proposed by Seeley (1982) . Similarly, Calderone and Page (1992) Winston (1987) and Robinson (1992) ]. Winston and Punnett (1982) found that the age when workers began to forage was correlated with colony population, but not with worker age distribution or area of sealed brood. The age when workers began to care for brood was not correlated with either age distribution or area of sealed brood (Winston and Punnett, 1982) . Winston and Fergusson (1985) reported that the loss of large numbers of foragers resulted in a transition to foraging by remaining workers at younger ages. They also found a weak correlation between the age when workers began to forage and the area of unsealed brood, but that finding was not confirmed in a subsequent study (Winston and Fergusson, 1986) . Fergusson and Winston (1988) reported that wax deprivation induced foraging at younger ages. Naumann and Winston (1990) found that workers in afterswarms foraged at older ages than workers in primary swarms and also had a longer period of wax production. [Omholt, 1988; reviewed in Fluri (1990 reviewed in Fluri ( , 1993 Fluri (1990) ]. Maurizio (1950) suggested that the 'summer bee'-'winter bee' syndrome could be produced at any time of the year by manipulating colony conditions.
Sekiguchi and Sakagami (1966) reported variation in length of life and length of foraging life for bees under normal colony conditions. They emphasized flexibility in worker behavior and noted that: "...it is regrettable that, probably because of its simplicity, the strictly agedetermined work schedule has dominated and occasionally still contaminates popular writing...". Free (1965) attributed the popular emphasis on age to simplified reviews of Rösch's work by Rösch (1931) himself and by Morland (1930 Winston and Katz (1982) reported that Africanized workers foraged at younger ages than European workers when workers were reared in colonies of their own race; however, European workers foraged earlier than Africanized workers when both were reared in Africanized colonies. Calderone and Page (1988, 1991) reported differences in the ages when workers from two strains of bees selected for high and low pollen hoarding (Hellmich et al., 1985) began to forage when maintained in a common, unrelated colony. reported genotypic variability in rates of behavioral development among workers derived from different naturally mated queens. Genotypic variation in several life history components, including age at first foraging flight, length of foraging life and survivorship were reported by Guzman-Novoa and Page (1993) and Guzman-Novoa et al. (1994) . Calderone and Page (1991) (1989) reported a difference of several days between workers from different patrilines (Laidlaw, 1974) Robinson (1992) ]. Winston and Punnett (1982) reported that a few bees performed allogrooming most of their lives. Moore et al. (1995) reported that one bee, Red 93, was seen grooming other bees 84 % of the time that it was observed and never became a forager. Specialization has also been reported for 'undertaking' (Visscher, 1983) , water collection (Robinson et al., 1984) and grooming (Frumhoff and Baker, 1988; Kolmes, 1989) , but workers do not appear to specialize on trophallaxis (Frumhoff and Baker, 1988) or attending the queen (van der Blom, 1992) . Omission of tasks is also known. Guarding is performed by only a small number of colony members (Lindauer, 1952; Moore et al., 1987) . Unfor- tunately, the tendency to focus on grouplevel behavior has masked variation in individual patterns of task performance, so the true incidence of specialization, fixation and omission remain unknown.
Methods to circumvent this problem have been explored (van der Blom, 1993 [reviewed in Robinson (1992) , Robinson and Vargo (1997) , Fahrbach (1997) and Robinson and Huang (1998) ]. Jaycox (1974) (Jaycox, 1976) . More recently, application of the JH analog methoprene to newly emerged honey bees was shown to result in a rapid transition to foraging (Robinson, 1987a (Oster and Wilson, 1978) . A second hypothesis emphasizes the relationship between colony fitness and the cost of a colony's investment in each worker, a cost that must be paid back with interest to allow for colony growth (Jeanne, 1986; O'Donnell and Jeanne, 1995) . The necessary return can be achieved by reducing the age at which a worker has performed sufficient work to pay back the cost of its production (through increases in efficiency) and/or by increasing average worker life expectancy. Jeanne (1986) concluded that a system in which high risk foraging tasks follow low risk nest tasks (Sakagami and Fukuda, 1968; Wilson, 1971; Porter and Jorgensen, 1981; Winston and Katz, 1982;  Schmid-Hempel and Schmid-Hempel, 1984; Wilson, 1985; Guzman-Novoa et al., 1994; Visscher and Dukas, 1997) (Gordon, 1996; Stuart, 1997; Bonabeau et al., 1997) . Below, two candidate proximate mechanisms of age polyethism are described and discussed.
The innate developmental program model
Although not generally given explicit expression in the literature [but see Oster and Wilson (1978) , Seeley (1982) , Wilson (1985) , Robinson (1987a Robinson ( , 1992 and Calderone and Page (1988, 1991) (Robinson, 1987a) . However, Robinson was clearly aware of the extensive impact the environment could have on "...the normal trajectory of behavioral ontogeny..." (Robinson, 1987a) . Calderone and Page (1988, 1991) (1996) proposed that this interplay occurs through changes in age demography. They found that young bees in triple cohort colonies (Giray and Robinson, 1994 ) from which older foragers had been removed began to forage sooner than young bees in similar colonies from which the removal of an equal number of bees was distributed proportionately among all three cohorts. They explained these findings as being due to a reduction in the level of the inhibitor substance resulting from the removal of the foragers. (Jeanne, 1991 (Hersch et al., 1978; Robinson, 1987b; Breed et al., 1990;  Pham-Delègue et al., 1991, 1993 (Harrison, 1986) . This explanation, however, represents a substantially revised role for age in division of labor.
The development of workers during the days just prior to emergence and the first few days after emergence provides additional support for a more general role for age in division of labor. Cytological changes that occur in the corpora allata of workers from emergence to 48 h of age (Nenadovic et al., 1985) ; maturation of the antennal complex after emergence (Masson and Arnold, 1984) ; increasing levels of EMG activity during the 5-7 d following emergence (Burrell and Smith, 1994) ; and age-dependent rates of pollen consumption (Szolderits and Crailsheim, 1993) (Huang and Robinson, 1996) may simply be a consequence of changes in the distribution of workers among tasks which left a 'need' that attracted the attention of some of the remaining workers [but see Robinson and Huang (1998) (Wilson, 1971 (Wilson, 1980a, b) , although each process has limitations. Oster and Wilson's (1978) Lenoir (1987) and Gordon (1989b Gordon ( , 1996 ].
The ability to respond in a timely and appropriate manner to changes in environmental conditions that affect survival is an essential characteristic of any successful organism. Tofts and Franks (1992) argue that the environment often changes much too rapidly to be adequately addressed by colony-level adjustments to caste ratios. Further, they argue that even at the individual level "Using age to select task is a highly static method of allocating individuals' roles. Physiological aging is likely to be slow compared to changes in task demand. So any response mediated by such a mechanism will perforce be slow". This dissatisfaction with an agebased model is echoed in Bourke and Franks (1995) Recently, a new class of models that explore mechanisms of collective activities, and the complex physical structures and organizational patterns they produce [reviewed in Gordon (1996) (Page and Mitchell, 1998), dominance hierarchies Hesper, 1983, 1985 (Tofts, 1993) Seeley, 1982 Schmid-Hempel (1992) and Beshers and Trainello (1994) ]. Proponents of the FFW model (Tofts and Franks, 1992; SendovaFranks and Tofts, 1993; Franks and Tofts, 1994) , on the other hand, are clearly referencing changes that occur over a relatively short period. Oster and Wilson (1978) were not suggesting that colonylevel adjustments in caste ratios would be an effective way to deal with changes on that scale.
Restrictions on model's generality
The actual algorithm (Tofts, 1993 (Lloyd, 1983; Seeley, 1995) Nixon and Ribbands, 1952; Free, 1957 Free, , 1961 Sorensen et al., 1985) . Pollen foragers may sense the need for pollen indirectly through the quality of the food they receive (a cue) during food exchange with nurse bees. Recently, several studies have demonstrated the transmission of proteins from nurse bees to other colony members, including foragers (Crailsheim, 1990 (Crailsheim, , 1991 (Crailsheim, , 1992 Hrassnigg and Crailsheim, 1996) . Experimental evaluation of the mechanisms regulating pollen collection support the role of such cues as indicators of task need (Camazine, 1993) .
The FFW algorithm (Tofts 1993) links the traditional concept that need determines the distribution of workers among tasks, to a relatively restrictive algorithm that maps onto only a subset of possible tasks. These are tasks exhibiting a high degree of task partitioning (Jeanne, 1986 (Jeanne, , 1991 (Seeley, 1995) , clearly not predicted by the FFW model. Seeley (1995) suggests that these discrepancies might be accommodated by a modified version of the FFW model.
Other findings question the generality of the FFW algorithm as an explanation for age polyethism. Trainello and Rosengaus ( 1997) note that the termite, Zootermopsis angusticollis (Rosengaus and Trainello, 1993) , and the ponerine ant, Amblyopone pallipes (Trainello, 1978) Differentiation of same-aged bees into nest bees and foragers takes several days, suggesting physiological limitations on response time. Robinson and Page (1995) showed that the rate of removal of dead bees from a colony decreased significantly for several days after 'undertaker' bees were removed, suggesting a physiological constraint regulating the development of new 'undertakers'. The likelihood of reverting from foraging to nursing has also been show to be dependent on the length of time that a worker has been foraging , reflecting the degree of physiological commitment to one's current task. Selection may have minimized response time, but it has not eliminated it.
Certain physiological states appear to be compatible with some tasks, but incompatible with others. Harrison (1986) reported numerous physiological changes that mark the transition from the nest phase to the foraging phase. This may explain why field bees may engage in one or more foraging tasks, or they may become scouts (Seeley, 1985) ; and why nest bees often perform several nest tasks over a relatively brief interval (references cited herein). Except for the initial transition from nest to foraging tasks, however, workers do not generally switch between these two main task groups, suggestive of physiological constraints associated with their current task.
Other findings support the hypothesis that a worker in a given behavioral/physiological state exhibits selective perception of, processing of and/or response to task-related stimuli. Perception of alarm pheromone is also known to be age dependent (Robinson, 1987b) . Olfactory-based behavioral response to queen mandibular pheromone blends and extracts is also age dependent, being greatest in workers &le; 5 d old (Pham-Delègue et al., 1991 . These findings suggest that the process of task selection is more complex than that portrayed by the FFW model and that physiological constraints play an important role in determining which bees respond to which tasks.
Developmental canalization
In the highly eusocial insect societies, queens and workers have undergone dramatic reductions in flexibility (increases in specialization). Clearly, these limitations reflect a compromise between the costs resulting from the loss of individual flexibility and the benefits arising from increased specialization. In this case, the later apparently outweigh the former. Similarly, the existence of physical worker castes in ants and termites also argues against the claim that flexibility is always paramount. The fact that 20 % of ant genera have morphological castes (Oster and Wilson, 1978) Learning results in greater efficiency and experienced workers take tasks away from naive workers (Bourke and Franks, 1995) . Yet, it is argued elsewhere (Tofts and Franks, 1992) (Calderone and Page, 1992) , the study of genotypic variation in worker behavior has been conducted primarily to determine which behavioral traits exhibit heritable variation and are, therefore, capable of being shaped by selection (Calderone and Page, 1991 ) . Franks and Tofts ( 1994) Calderone and Page (1988) and Robinson and Page (1989) as an explanation for genotypic variability in task performance. Calderone (1995) Tofts,1994) &mdash; is an interesting implementation of the traditional concept that workers respond primarily to the needs of their colony. The specific algorithm (Tofts, 1993) 
